OBJECTIVES The purpose of this study was to compare a novel compressed sensing (CS)-based single-breath-hold multislice magnetic resonance cine technique with the standard multi-breath-hold technique for the assessment of left ventricular (LV) volumes and function.
magnetic resonance (CMR) is generally accepted as the gold standard to yield the most accurate measures of LVEF and left ventricular (LV) volumes and mass. These characteristics, together with the additional value of CMR to characterize pathological myocardial tissue, were the basis for CMR to be recommended for heart failure work-up in U.S. guidelines (5) and to be assigned a class I indication in the new European heart failure guidelines (6) .
The evaluation of LV volumes and LVEF is based on well-defined and generally-accepted CMR protocols (7, 8) , and it involves the acquisition of a stack of LV short-axis cine images that are acquired in multiple breath-holds. Quality criteria (9) for these functional images are available and have been implemented (e.g., within the European CMR registry) (10) . Although standard protocols are well established, it is desirable to speed up CMR acquisitions to reduce motion artifacts in severely ill patients who cannot hold their breath for an extended amount of time, to increase spatial and/or temporal resolution per unit time of acquisition, or simply to shorten the CMR examination. A variety of recent acceleration techniques (11) , such as spatiotemporal correlations (12) (13) (14) and spatially selective excitations (15) , could speed up acquisitions several fold. As an alternative, compressed sensing (CS) was recently proposed as a means to considerably accelerate data acquisition. Conventional magnetic resonance (MR) images once acquired can be compressed with little or no perceptible loss of information (e.g., by JPEG standards). The concept of CS aims to no longer apply such compression algorithms to the acquired magnetic resonance image data but to the acquisition process itself and then to reconstruct the undersampled data with novel nonlinear reconstruction algorithms (Online Appendix) (16) . This helps accelerate image acquisition several fold and theoretically enables a cine acquisition of the whole heart in 1 single breath-hold, whereas conventional data acquisition that covers the whole heart by short axes often lasts up to 10 min. The aim of the study was to demonstrate that this CS concept: 1) is applicable to the heart in a clinical setting; 2) produces data to accurately quantify LV function, volumes, and mass; and 3) provides data quality that allows for acceptable measurement reproducibility.
METHODS
CS TECHNIQUE. The prototype CS sequence developed for this study achieves incoherent sampling by initially distributing the readouts pseudorandomly in the Cartesian k-space (17) . In addition, for cine-CMR, a pseudo-random offset is applied from frame to frame that results in temporal incoherence. Finally, a variable sampling density in k-space stabilizes the iterative reconstruction. The reconstruction program is implemented directly on the scanner and runs a nonlinear iterative reconstruction (80 iterations) with k-t regularization derived from a parallel imaging reconstruction that takes coil sensitivity maps into account. For cine CMR, no additional reference scans are needed because the coil sensitivity maps are intrinsically calculated from the temporal average of the input data in a central region of k-space ( Table 1 , Online Appendix).
STUDY PROTOCOL. Healthy volunteers (n ¼ 12) and patients with different pathologies of the LV (n ¼ 21)
were included in the study. The robustness and precision of the CS approach to measure LVEF and LV volumes and mass were assessed in comparison with a standard high-resolution steady-state free precession cine CMR approach. All CMR examinations were performed on a 1.5-T magnetic resonance scanner (MAGNETOM Aera, Siemens AG, Erlangen, Germany). The imaging protocol consisted of cardiac localizers followed by the acquisition of a stack of conventional short-axis steady-state free precession cine images covering the entire LV ( Table 1) . Next, to test the new CS-based technique, slice orientations 
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Compressed Sensing CMR for Rapid LV Assessment were planned to cover the LV with 4 short-axis slices (positioned at roughly equidistant positions along the LV long axis) complemented by 3 long-axis slices (i.e., 2-, 3-, and 4-chamber slices). The long-axis acquisitions were added to benefit from the high inplane spatial resolution to follow the mitral annulus motion during the cardiac cycle. Because the reconstruction algorithm is susceptible to aliasing in the phase-encoding direction, the 7 slices were first acquired with a non-cine acquisition to check for correct phase-encoding directions and, if needed, to adjust the field-of-view to avoid fold-over artifacts.
After confirmation of correct imaging parameters, the multislice prospectively electrocardiogram-triggered CS acquisition was performed in a single breathhold (14 heart beats; acceleration factor 11.0) ( Table 1) . As a reference, a phase-contrast flow measurement (Table 1) in the ascending aorta was performed to be compared with the left ventricular stroke volumes (LVSVs) calculated from the standard and CS cine data (LVSV cs and LVSV standard ).
The study protocol was approved by the ethics committees of our institution, and all study participants gave written informed consent before enrollment.
IMAGE ANALYSES. The image quality of the CS and standard cine CMR images was assessed based on recently published criteria (9) . Briefly, 1 point was given if an artifact (wrap around, respiratory ghost, cardiac ghost, image blurring/mistriggering, metallic, or shimming) impeded the visualization of more than one-third of the LV endocardial border at end-systole and/or diastole on a single short-axis slice. If such Vincenti et al.
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artifact involved 2 or $3 slices, 2 or 3 points were given, respectively. For the standard cine CMR images, these criteria were applied to the short-axis acquisitions only because they are used exclusively for volume calculations. For the CS quality assessment, these criteria were applied to both the short- To assess intraobserver and interobserver reproducibility of the CS technique, the CS cine images were analyzed by 2 experienced cardiologists (G.V. Abbreviations as in Table 1 . (C and D) Short-axis view in diastole/systole. Abbreviation as in Figure 1 .
and P.M. [CMR level III experts]).
Compressed Sensing CMR for Rapid LV Assessment STATISTICAL ANALYSES. The standard multibreath-hold and the novel single-breath-hold CS techniques were compared using Bland-Altman (20) and linear regression analyses. The same analyses were performed to assess interobserver and intraobserver variabilities of the CS technique. Comparisons of demographic and CMR data ( Figures 2, 3, and 4) . Two CS acquisitions had poor image quality (score $3) due to fold-over artifacts ( Figures 5A and 5B) . Intraobserver and interobserver variabilities for the Figure 1 .
new CS approach were excellent, as given in Table 5 .
The intraobserver and interobserver differences ranged from À3.8% to À0.4% and from À9.7% to þ0.7%, respectively, with slopes of regressions ranging between 0.94 and 1.06 and between 0.93 and 1.06, respectively ( Table 5) . For interstudy variabilities of the standard LVEF measurements, 95% CIs of À4.1% to þ4.3% were reported (22, 23) , which are only slightly narrower than the differences found between the standard cine and CS technique in the current study. Thus, the variability between the standard and CS technique observed in the current study was comparable to the reproducibility of the standard technique itself. Accordingly, the novel CS-based technique, although much faster than the standard approach, may be reproducible and accurate enough to replace the standard multi-breath-hold CMR approach.
High agreement between the standard and CS technique was also achieved for LVESV, with a nonsignificant difference of 2.0 ml ( Table 4) . With the presented single-breath-hold CS technique, LV mass was also measured accurately, with a difference versus the standard technique of 2% (95% CI: À16.8% to þ12.8%). This interval for LV mass quantification is small considering that the intraoperator variability for standard multi-breath-hold LV mass measurements was reported to be À12.3% to þ15.9% (22) .
However, LVEDV was statistically smaller with the CS approach by 9.9 ml ( Table 4) . Similarly, with other highly-accelerated single-breath-hold techniques that are based on spatiotemporal correlations 
Flow-related artifacts in phase-encoding direction (arrows) on systolic phases in a volunteer
propagating over the aortic valve in the 3-chamber view (C) and over the mitral valve in the 4-chamber view (D). Quality score is 1 (image blurring in 1 slice, apical region in C).
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ROBUSTNESS OF THE NEW SINGLE-BREATH-HOLD
MULTISLICE CS APPROACH. For the LVEF measurements by the CS technique, intraobserver and interobserver reproducibilities were AE3.4% and AE3.9%, respectively (see Table 5 for SD of the differences). For the interobserver variability of the standard multi-breath-hold technique, AE3% to AE6% were reported (31, 32) , closely matching the reproducibility of the novel CS technique. Similarly, for the LVESV, the reported SD was approximately AE9.5% in volunteers (32) and AE7 ml in patients (31), again matching the AE8.4% and AE7.5 ml for the CS technique.
However, for LVEDV and LV mass, SDs of approximately AE1% and AE5.5% (32) and AE5.5 ml and AE6.5 g (31) were achieved, respectively, which are lower than the CS values reported here (AE8.4%, AE9.6%, AE11.2 ml, and AE13.7 g, respectively).
STUDY LIMITATIONS. It should be mentioned that this accelerated single-breath-hold CS approach is adequate for LVEF and LV volume/mass measurements, whereas the evaluation of small pathological structures as present in cardiomyopathies or congenital heart diseases is assumed to be more reliable when performed on conventional cine images.
A current limitation of the CS approach is its susceptibility for fold-over artifacts ( Figures 5A and 5B) .
Therefore, the field of view must cover the entire anatomy, and thus, some penalty in spatial resolution may occur in relation to the patient's anatomy. In addition, the sparsity in the temporal domain may be limited in anatomic regions of very high flow; therefore, in some acquisitions, flow-related artifacts occurred in the phase-encoding direction during systole ( Figures 5C and 5D) . Also, in its current version, the sequence was prospectively triggered; thus, it did not cover the very last phases of the cardiac cycle. Finally, the reconstruction times for the CS images lasted 1.75 min, precluding an immediate assessment of image quality or using these images to plan next steps of a CMR examination. However, graphic processing unit-based reconstruction algorithms can be used in the future to overcome this limitation.
CONCLUSIONS
The results showed that CS-based MR acquisitions were applicable to the heart in a clinical setting. This Abbreviations as in Tables 1 and 2 . Vincenti et al.
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